Piestrzeniewicz C., Wrona D., Jadczuk-Tobjasz E., Sadowski A. (2018) Evaluation of 22 dwarfing and semi-dwarfing apple rootstocks for several scion cultivars was conducted on fertile soil in the years 1995-2010. It was found that most of the new rootstocks performed similarly to M.9 EMLA with respect to vigour, yield, cropping efficiency and fruit mass. These rootstocks would not be, therefore, a good replacement for M.9 in Polish climatic conditions. The most promising rootstock was B 9 and some of its derivatives, e.g., B 146, B 396, P 59 and P 60. However, their suitability may be limited to particular cultivars grown under similar soil conditions.
For two or more millennia rootstocks have been used in apple growing around the world. However, the real revolution occurred in the previous century and consisted in the selection and introduction of vegetative rootstock clones with the ability to dwarf scions grafted or budded onto them. Undoubtedly, the greatest achievements in modern apple rootstock evaluation were achieved by the well-known pomologist Professor Ronald Hatton at the East Malling Research Station in England (Ferree, Carlson 1987) . At the beginning of the 20 th century he classified likely all the known apple rootstocks used in the major European nurseries. This work highlighted the prevailing diversity as well as the confusion that at times occurred among clones. After verification, these rootstocks, e.g., M.9, became standard rootstocks worldwide (Wertheim 1998) .
In English studies, breeding was initiated which was aimed at obtaining clones which would be better adapted to the varied local climatic and biotic conditions of different countries. The resulting new rootstocks were intensively examined in the late 20 th century. One of the active centres of these studies in Poland was the Department of Pomology, Warsaw University of Life Sciences-SGGW. This department has assessed numerous rootstocks on its very rich soil. Particular attention was paid to the rootstocks of domestic origin and those from other Eastern European countries with climatic conditions similar to that of Poland. This was justified on the basis of studies showing insufficient resistance to frost of M.9 rootstock in Poland. In one of these experiments, Czynczyk (1979) recorded a several-fold higher percentage of dead trees on M.9 rootstock than on M.26 or on B 9 after the winter of 1968 /1969 . Moreover, Zagaja (1977 noted that the decline of soil temperature to -11.5°C during the winter of 1971/1972 resulted in more than 85% of M.9 rootstock plants being killed or damaged by frost, while the percentage of damaged or killed M.26 or P 22 plants was less than 45% and 25%, respectively.
This publication summarises the results of apple rootstock studies conducted at the Department of Pomology of Warsaw University of Life Sciences-SGGW, Poland.
MATERIAL AND METHODS
A series of apple rootstock trials were carried out at the Department of Pomology, Warsaw University of Life Sciences-SGGW in the experimental orchard located at Warsaw-Wilanów (lat. 52.16°N, long. 21.10°E) on a silty loam alluvial soil. The studies were focused on the suitability of different rootstocks for selected apple cultivars. Experiments with particular cultivars were conducted in the following periods: 'Jonagold' (1995 'Jonagold' ( -2007 , 'Fiesta' (1995 'Fiesta' ( -2006 , 'Holiday' (1995 'Holiday' ( -2005 and 'Elise' (1997 'Elise' ( -2010 'Elise' ( and in 2000 'Elise' ( -2010 ('V' planting system)) ( Table 1) .
A pool of the genetically diverse apple rootstocks of foreign and domestic origin were compared with the English standard stocks, i.e., M.9 EMLA, M.26, M.27 and M.7. The foreign rootstocks included in the trials were PB-4 from Belarus and B 9, B 146, and B 396 from Russia. The examined Polish series of rootstocks contained the following clones: P 2, P 14, P 16, P 22, P 59, P 60 and No. 47. Some subclones of M.9 were also included, namely the German selections M.9 751 and M.9 984, French selections M.9 Pajam 1 and M.9 Pajam 2, Belgian selection M.9 RN29 and Dutch selections M.9 T337 and M.9 T339.
Maiden trees of the cvs. 'Jonagold' on 13 rootstocks, 'Fiesta' on 13 rootstocks and 'Holiday' on 11 rootstocks were planted in autumn 1994 . Cv. 'Elise' was planted on 21 rootstocks in spring 1997 (Słowiński, Sadowski 1999) and also on 18 rootstocks in a 'V' planting system in spring 2000 (Kowalczyk, Wrona 2011) . Planting density was calculated in accordance with the expected cultivar tree vigour on a given rootstock based on the literature. Rootstocks used for particular cultivars and numbers of trees per hectare are listed in Table 1 . Experiments with cvs 'Jonagold' , 'Fiesta' and 'Holiday' consisted of 3-12 single trees serving as replicates of each rootstock, and in two trials with 'Elise' , each rootstock was represented by 5-7 or 10 trees per plot, respectively, in four replications. Tree training was standard spindle and typical orchard practices (together with fruitlet thinning) were standard for apple growing in Poland. Trunk diameters at the height of 30 cm above the ground were measured, and then converted to the trunk cross-sectional area (TCSA). Yields from individual replicates were weighed separately and subsequently converted to yield per tree or per TCSA, from which the cropping efficiency coefficient (CEC) was calculated. Mean fruit mass was also determined. Data were evaluated with analysis of variance using the Statgraphics Plus 4.0 programme. Mean separation was performed using the Newman-Keuls test at a level of significance of P = 0.05.
RESULTS
Significant differences in the relative tree size (TCSA) were noted among the rootstocks tested. Cv. 'Jonagold' trees were smallest (lowest TCSA) on P 22 or PB-4; these trees were almost four times larger on various M.9 subclones, B 9 and its derivatives P 60, B 396 and No. 47, as well as on M.26 (Table 2 ).
Cv. 'Fiesta' trees were significantly (about 70% to 40%) smaller on PB-4, P 22, P 16 and B 146 than those on M.9 EMLA as well as on the other M.9 subclones, No. 47 and P 60 (Table 3) . Trees on the Dutch subclones M.9 T339 and T337 and M.26 did not differ significantly in size.
Cv. 'Holiday' trees were smallest on rootstocks M.27, P 16 and P 22, and about three times larger on P 60, the various subclones of M.9 and on No. 47 (Table 4 ). Trees of 'Jonagold' , 'Fiesta' and 'Holiday' were usually the largest on M.7 rootstock. Cv. 'Elise' trees on P 59, PB-4, P 22 and M.27 were about half the size of those on M.9 T339, M.9 RN29, M.9 T337, B 9 or M.9 984 (Table 5 ). M.9 EMLA tree size was equal to that of trees grown on M.9 RN29, M.9 T337, B 9, M.9 984, P 2, P 60, B 396 and No. 47. Trees on the P 14 rootstock were larger than those on M.7 or M.26. Cv. 'Elise' trees in 'V' planting system were smallest on rootstocks PB-4 and P 59 and only onethird of the size of those on M.9 EMLA (Table 6 ). Most of the rootstocks did not differ in vigour from M.9 EMLA. However, trees on P 14 were more than twice as large as those on any M.9 subclone.
Cumulative yield per tree of 'Jonagold' was lowest on PB-4 and P 22 (Table 2 ). Trees on P 60 and M.9 T339 yielded nearly three times more, with values similar to trees on the other M.9 subclones, M.7, B 396 or B 9.
Cv. 'Fiesta' exhibited the lowest yield on PB-4, P 22, P 16 and B 146 (<100 kg per tree) (Table 3 ). Trees on B 9, No. 47, M.9 EMLA, M.9 984, M.9 T337, M.26 and P 60 bore significantly higher yields. Cv. 'Holiday' yields were lowest on M.27 and P 22, and significantly higher on P 60 and No. 47, followed by all M.9 subclones and M.26 (Table 4) . Both 'Fiesta' and 'Holiday' yields were highest on M.7 rootstock.
The lowest yield of 'Elise' was on PB-4, and the highest yields were on P 14, B 396 and M.26 (Table 5). Cv. 'Elise' in 'V' planting system cropped least on PB-4 and M.27, and more than three times higher on M.9 751, M.26, P 60, B 396 and P 14 (Table 6 ).
The cropping efficiency coefficient (CEC) of 'Jonagold' trees was lowest on M.7 (Table 2 ). The CEC was highest on B 146 and P 22. The CEC of 'Fiesta' was lowest on M.26 and M.9 T337, and highest on P 16 (Table 3) .
Cv. 'Holiday' showed its lowest CEC on No. 47, M.26 and M.7 (Table 4) . On the other hand, the highest CEC was exhibited by trees on P 16, which was not significantly different from those on M.9 984, M.27 or M.9 T337. The CEC of 'Elise' was lowest on P 14 and M.7 (Table 5 ). The highest CEC was on P 59, which was not significantly different from P 16, M.9 Pajam 2 and M.9 T339. 'Elise' in 'V' planting system exhibited the lowest CEC on P 14, and highest on P 59 (Table 6 ). Table 2 72 Vol. 45, 2018 (2): 69-75 Hort. Sci. (Prague) Cv. 'Jonagold' fruits were smallest from trees on P 22, and largest on P 60, M.7, B 396, B 9 and M.9 subclones ( Table 2 ). Fruits of 'Holiday' on P 22, P 16 and M.27 were significantly smaller than on M.9 subclones, P 60, M.7, M.26 and No. 47 (Table 4 ). The fruit mass of 'Elise' was lowest from trees on PB-4, M.9 T337, M.9 Pajam 2 and P 59, and significantly higher on P 22, B 396, P 16, M.9 339, P 14, P 2 and No. 47 (Table 5 ). Fruits of 'Elise' in 'V' planting system were smaller from trees on PB-4, M.27 and P 16 than on the other rootstocks (Table 6 ).
DISCUSSION AND CONCLUSIONS
Many studies, including those carried out in Poland, have focused on searching for improved apple rootstocks that also have superior frost resistance. The assertion that trees on M.9 exhibit only low levels of winter hardiness is somewhat controversial in the light of data accumulated through the years.
Polish studies indicated rather high frost sensitivity of M.9 rootstock (Zagaja 1977 , Czynczyk 1979 . However, Robinson et al. (2006) noted that the survival rate of 'Honeycrisp' and 'McIntosh' apple trees on M.9 subclones T337 or RN29 was quite high after the severe winter of 2004 in New York State and, in fact, similar to that on B 9 or M.26 rootstock.
In Poland, in recent years, M.9 and its subclones have become the most important apple rootstock (Czynczyk, Jakubowski 2007) , and Polish growers have increasingly planted trees on M.9. Concerns about the low frost resistance of this rootstock have not been confirmed in Polish commercial apple growing, especially since the last severe winter in Poland which occurred almost 30 years ago (1986/1987) .
Trees on M.9 are recognised worldwide as optimal in size, yield and fruit quality according to the requirements of modern intensive apple production (Fazio et al. 2015) . More than 40 years ago, Table 2 Cummins and Aldwinckle (1974) accurately stated that trees on M.9 rootstock are "very efficient convertors of solar energy into fruit", as represented by the high cropping efficiency (productivity) of cultivars budded or grafted onto it. In the five experiments described in this article, only a few rootstocks performed better than M.9 in terms of productivity or yield, and at vigour levels similar to that on M.9 EMLA. Trees of 'Jonagold' on B 146, 'Fiesta' on B 9, 'Elise' on M.9 subclones T339 and Pajam 2, and on P 59 in the 'V' planting system were more productive than on M.9 EMLA. Moreover, trees of 'Elise' , both in a row system on B 396, P 60, P 2 or No. 47 and in a 'V' planting system on B 396, were similar in size to those on M.9 EMLA, but yielded higher. None of the rootstocks onto which cultivar 'Holiday' was grafted showed a cropping efficiency or yield that was significantly superior over M.9 EMLA.
The results show that many of the tested rootstocks were similar in orchard performance to the standard M.9 EMLA clone and therefore cannot currently compete with M.9. It appears that only a few rootstocks can be considered as alternatives to M.9, and even then only for certain cultivars. B 9 with its hybrid derivatives probably exhibits the greatest potential as demonstrated by good test results under Polish conditions (Ugolik, Kantorowicz-Bąk 1992; Czynczyk et al. 2001) .
It can be argued that the results presented in these studies might not be enough to adequately demonstrate the differences between rootstocks, as the yield potential of the test cultivars has been adequately high. It should be noted that in the same locality, Piestrzeniewicz et al. (2013) noted the extreme differences between rootstocks were similar with the cultivar 'Rubin' , which was characterised by low yield potential coupled with very strong tree growth. The authors found that TCSA of trees on some rootstocks was almost half that of those on M.9 EMLA, but with virtually the same cumulative yields.
New apple rootstocks need to induce a yield efficiency similar to that of M.9 in scion cultivars, but might also have other improved properties. Of course, accumulation of all favourable features in a single plant is impossible, but one can always select rootstocks better than those currently grown. A good example of the significant progress that has been made was achieved in the framework of the Table 2 North American breeding program conducted for several decades at NYSAES in Geneva. Rootstocks developed there were characterised by differing degrees of vigour, but were always characterised by high yield potential and, what is especially important, resistance or tolerance to particularly dangerous pests and diseases (Fazio et al. 2015) .
